Voltage-gated calcium channels play a key role in chemical synaptic transmission by providing the calcium trigger for regulated neurotransmitter release. Genes encoding the primary structural subunit, ␣1, as well as accessory subunits of presynaptic calcium channels have now been identified in a variety of organisms. The cacophony (cac) gene in Drosophila, also known as nightblind A, encodes a voltage-gated calciumchannel ␣1 subunit homologous to vertebrate ␣1 subunits implicated in neurotransmitter release. A recent genetic screen in our laboratory isolated cac TS2 , a conditional cac mutant exhibiting rapid paralysis at elevated temperatures. This mutant has allowed synaptic electrophysiology after acute perturbation of a specific calcium-channel gene product, demonstrating that cac encodes a primary calcium channel functioning in neurotransmitter release. Here we report the molecular lesion in cac TS2 , a missense mutation within a calcium-dependent regulatory domain of the ␣1 subunit, as well as phenotypic rescue of temperature-sensitive and lethal cac mutations by transgenic expression of a wild-type cac cDNA. Notably, rescue of rapid, calcium-triggered neurotransmitter release was achieved by neural expression of a single cDNA containing a subset of alternative exons and lacking any conserved synaptic-protein interaction sequence. Possible implications of these findings are discussed in the context of structure-function studies of synaptic calcium channels, as well as alternative splicing and mRNA editing of the cac transcript.
Synaptic calcium channel diversity
The structural diversity of presynaptic calcium channels is provided by different ␣1 subunit genes, as well as assembly of ␣1 with different combinations of accessory subunits. In contrast to the closely related ␣1 subunit genes encoding vertebrate presynaptic calcium channels, cacophony (cac) appears to be the only homologous gene in Drosophila (Smith et al., 1996; Littleton and Ganetzky, 2000) . Fly genes encoding L-type (Gielow et al., 1995; Zheng et al., 1995; Ren et al., 1998) and T-type calcium channels, as well as each of the known accessory subunits, have been identified as well (Littleton and Ganetzky, 2000) .
Another mechanism for generating presynaptic calciumchannel variants involves alternative splicing of ␣1 subunit mRNAs. This process acts on mammalian ␣1A and ␣1B transcripts to produce a variety of mRNAs encoding different ␣1 subunit proteins (Lin et al., 1997 (Lin et al., , 1999 Bourinet et al., 1999; Hans et al., 1999; Krovetz et al., 2000; Pan and Lipscombe, 2000) . Similarly, alternative splicing of the cac ␣1 subunit mRNA contributes to calcium-channel diversity in Drosophila (Smith et al., 1996 (Smith et al., , 1998b Peixoto et al., 1997) . Several alternative exons have been described in cac, including two mutually exclusive exon pairs, IS4a/IS4b and I-IIa/I-IIb, as well as a 3, 6, or 9 bp insertion adding one to three amino acids to the IVS3-IVS4 loop (Smith et al., 1996 ; results reported here). The latter splicing site appears to be conserved in mammalian ␣1 subunit genes. At the equivalent position within the ␣1A and ␣1B transcripts, inclusion of a 6 bp alternative exon adds two amino acids to the IVS3-IVS4 loop and alters functional properties of the channels (Lin et al., 1997 (Lin et al., , 1999 Bourinet et al., 1999; Hans et al., 1999; Krovetz et al., 2000) . Additional mRNA splicing variants of cac are reported in the present study.
Structural diversity of synaptic calcium channels may also be generated through editing of ␣1 subunit mRNAs. A-to-I mRNA editing results in conversion of adenosine residues to inosine, which may behave as guanosine during translation (for review, see Reenan, 2001 ). Editing of the cac transcript by this mechanism alters the cac coding sequence at a number of positions (Smith et al., 1998a; Palladino et al., 2000 ) (see Figure 3) ; however, the functional consequences of this editing remain to be determined. To date, editing of calcium-channel transcripts has been described only in Drosophila; however, editing of other mammalian ionchannel mRNAs and its functional consequences have been reported previously (Higuchi et al., 2000; Reenan, 2001 ).
Mechanisms of calcium-channel regulation
The gating of presynaptic calcium channels is regulated by several mechanisms, including direct ␣1 subunit interactions with G-proteins, calcium/calmodulin, and components of the neurotransmitter release apparatus. Inhibition of neurotransmitter release by G-protein-linked receptor agonists occurs through direct interactions between the calcium-channel ␣1 subunit and ␤␥ subunits of heterotrimeric G-proteins (De Waard et al., 1997; Dunlap, 1997; Zamponi et al., 1997; Mirotznik et al., 2000; Colecraft et al., 2001) . Regulation by G-proteins is antagonized by protein kinase C-mediated phosphorylation of the ␣1 subunit (Zamponi et al., 1997; Herlitze et al., 2001) , which has also been reported to increase basal calcium current (Yang and Tsien, 1993) . Another regulatory mechanism involves direct binding of calcium/calmodulin to the IQ motif within the C-terminal cytoplasmic domain of the ␣1 subunit and is thought to mediate calcium-dependent channel gating, including facilitation and inactivation DeMaria et al., 2001; Erickson et al., 2001 ). An EF hand calcium-binding motif within the same C-terminal region of the ␣1 subunit may also contribute to calcium-dependent inactivation (Peterson et al., 2000) . Finally, interaction of presynaptic calcium-channel ␣1 subunits with syntaxin, a core protein of the neurotransmitter release apparatus, has been shown to regulate channel gating (Bezprozvanny et al., 1995 (Bezprozvanny et al., , 2000 Degtiar et al., 2000) and also to promote regulation by G-proteins (Stanley, 1997; Jarvis and Zamponi, 2001; Lü et al., 2001) . Binding of syntaxin and several other synaptic proteins to calcium channels led to identification of a synaptic-protein interaction (SYNPRINT) domain within the intracellular loop linking domains II and III of ␣1A (P/Q-type) and ␣1B (N-type) subunits (for review, see Sheng et al., 1998) . This domain is proposed to mediate fast coupling of calcium influx to synaptic vesicle fusion by tethering calcium channels and the release apparatus and by participating in calcium-channel regulation (Mochida et al., 1996; Sheng et al., 1998; Wu et al., 1999; Zhong et al., 1999) . Although our previous work has shown that cacencoded calcium channels function in fast, calcium-triggered neurotransmitter release , no sequence homologous to known calcium-channel synaptic-protein interaction domains is present in cac or elsewhere in the fly genome Littleton and Ganetzky, 2000) . These findings suggest either a novel synaptic-protein interaction domain or an alternative mechanism for the fast coupling of calcium influx to synaptic vesicle fusion.
The central importance of presynaptic calcium channels has motivated genetic analysis to investigate the in vivo functions of specific calcium-channel proteins at native synapses (Schafer and Kenyon, 1995; Dove et al., 1998; Lorenzon et al., 1998; Jun et al., 1999; Saegusa et al., 2000; Ino et al., 2001 ). This presents several challenges, including the long-term compensatory changes that may occur in null or hypomorphic mutant animals (Jun et al., 1999; Saegusa et al., 2000; Ino et al., 2001 ). Thus, temperaturesensitive (TS) paralytic mutants of Drosophila provide an impor- Figure 1 . A missense mutation in cac TS2 . A, Presynaptic voltage-gated calcium-channel ␣1 subunit topology. Shading represents the plasma membrane. Roman numerals refer to the four repeating domains, each including six transmembrane segments (S1-S6). A charged S4 segment is thought to serve as a voltage sensor. An intramembranous "P loop" between the S5 and S6 segments of each repeat contributes to formation of the channel pore. Both the N and C termini of the ␣1 subunit are intracellular, and the four repeats are linked by three major intracellular loops. Also represented are calcium-binding (EF hand) and calmodulin-binding (IQ) domains within the C-terminal cytoplasmic tail. B, The cac TS2 mutation. Alignment of CAC with related calcium-channel ␣1 subunit polypeptide sequences is shown. Amino acid identities with CAC are shaded. Boxed sequences correspond to the EF hand and a portion of the IVS6 transmembrane segment. The cac TS2 mutation, P1385S, maps to an invariant proline residue adjacent to the EF hand. The aligned sequences correspond to CAC (U55776), rat brain ␣1A and ␣1B (M64373 and M92905, respectively), and Caenorhabditis elegans UNC-2 (U25119). tant and complementary tool allowing acute perturbation of specific gene products for analysis of the molecular mechanisms underlying physiological processes. Our previous genetic (Dellinger et al., 2000) and electrophysiological studies of the TS paralytic mutant cac TS2 demonstrated that cac encodes a primary calcium-channel ␣1 subunit functioning in neurotransmitter release. Here we report characterization of the molecular lesion underlying the TS paralytic and synaptic phenotypes of cac TS2 , as well as rescue of cac mutants by transgenic expression of a specific cac-encoded ␣1 subunit. These studies further characterize a TS paralytic calcium-channel mutant and further define the molecular determinants governing in vivo function of presynaptic calcium channels. HC129 recombinant chromosomes were generated in our laboratory. Wild-type (W T) flies were Canton S.
MATERIALS AND METHODS

Molecular analysis
Preparation of head R NA. Fifty flies were placed in a microcentrif uge tube, frozen in liquid nitrogen, and vortexed to remove the heads, which were collected and homogenized in 3 M LiC l and 6 M urea for total RNA preparation by conventional methods. Reverse transcriptase PCR . Total RNA from 50 heads was used for first-strand cDNA synthesis by conventional methods using Moloney murine leukemia virus reverse transcriptase (RT) (Invitrogen, C arlsbad, CA) and random oligonucleotide primers (Invitrogen). A previously reported cac sequence (Smith et al., 1996) was used to design primers for RT-PCR using the head cDNA preparations as a template. The entire cac open reading frame (ORF) was amplified in three segments using six primers. T wo different primer sets were used to generate slightly different PCR fragments for sequencing (primer set 1) and cloning (primer set 2). Primer set 1 included the following primer pairs (forward and reverse primers in a pair are separated by a slash): cac11-catcaacaggactccttagg / cac21-caccaccctgagatatgatg; cac12-cccgatagcactgttgactg /cac22-gaattttccaccgtacctag; and cac13-ggcacttccctatgtctgtt /cac23-cctgatgctatacccagatc. Primer set 2 included the following: cac11-catcaacaggactccttagg /cac22B-cggtgaatcccatgttaatg; cac12-cccgatagcactgttgactg /cac22-gaattttccaccgtacctag; and cac12A-ccaaccaatcccatacgacg /cac23-cctgatgctatacccagatc. For direct sequencing of PCR products, PCRs were performed with Taq polymerase (PGC Scientific, Gaithersburg, MD), whereas Pf u polymerase (Stratagene, La Jolla, CA) was used in reactions for cloning.
Sequencing. Direct sequencing of PCR products and sequencing of cac clones was performed at the Penn State Nucleic Acids Facility. Sequencing primers for each of the three cac ORF fragments were designed on the basis of a previously reported cac sequence (Smith et al., 1996) . Because cac TS2 was isolated as an extragenic enhancer of comatose ST53 (Dellinger et al., 2000) , the cac TS2 mutation was identified by comparing the cac ORF sequence from cac TS2 and the comatose ST53 parent chromosome. Any apparent sequence differences were re-examined in independent RNA preparations. With respect to the published cac coding sequence (U55776), three silent polymorphisms were detected in cac ORF sequences; these were present in both cac TS2 and the parent comatose ST53 line. Sequence alignments were performed by the C lustal method, using the Megalign feature of the Lasergene Software Package (DNAStar, Madison, W I).
Cloning. Each of the three cac ORF fragments generated with primer set 2 was cut at unique restriction sites and cloned separately into the pBluescript SK Ϫ vector. These overlapping segments ( Fig. 2) were then assembled into a single clone containing a complete ORF, which was subsequently shuttled into the KpnI and NotI sites of the transformation vector, pUAST (Brand and Perrimon, 1993) . C lones of ORF segments B and C (Fig. 2) were toxic to several different strains of bacteria. These could be propagated successf ully in JM109 cells (Promega, Madison, W I); however, only small colonies were obtained, and liquid cultures grew poorly. The presence of specific splice variants among the population of clones for each segment was determined by sequencing and restriction mapping. As described in Results, two novel alternative exons of 12 and 60 bp were found in the region of the transcript encoding the C-terminal cytoplasmic tail of the ␣1 subunit. These were identified as contiguous exons in the cac gene and have the following nucleotide sequences (60 bp, CGGAAGAAGC TGGAGCACGATGATGAGCA-TAAATATAGCCCAACGGCAGTCGAGGAGCCG; 12 bp, AAC T-GGAAGGAG).
Transgenic lines were generated essentially as described previously (Karess and Rubin, 1984) . Briefly, the transformation construct UAScac1 in pUAST was prepared for injection by column purification (Plasmid Maxi K it; Qiagen, Valencia, CA). DNA (0.8 g/l) was injected into the posterior pole of w 1118 embryos before cellularization. Coinjection of the p25.7wc plasmid (0.2 g/l) provided transient expression of the P element transposase. The w ϩ marker carried by pUAST was used to select transformed progeny.
Transformation rescue
Rescue data were obtained using the third chromosome insertion line UAS-cac1 256B. For rescue of both TS and lethal cac phenotypes, eight independent UAS-cac1 insertion lines were tested; seven produced results similar to those of UAS-cac1 256B. The remaining line was somewhat less effective, producing rescue of cac TS2 paralysis but not f ull rescue of cac lethal mutants to adult viability.
Rescue of temperature-sensitive paral ysis. All flies used for behavioral tests were raised and maintained at room temperature (22-25°C). Paralysis at a given temperature was monitored as described previously (Dellinger et al., 2000) . Briefly, groups of six flies were introduced into preheated vials and the time at which 50% of the flies were no longer standing was recorded (50% paralysis). For tests exceeding 5 min in duration, the vials were humidified at 5 min by adding water to the cotton plug sealing the vial.
Rescue of cac lethal phenot ypes. Three different crosses were performed to determine the adult viability of each cac lethal mutant and each rescued cac lethal mutant relative to that of males carrying a W T X chromosome. In rescue crosses, elav-GA L4 l(1)L13 20-3 /FM7i and elav-GA L4 l(1)L13 HC129 /FM7i females were mated to lines homozygous for a UAS-cac1 insertion. The extent of rescue to W T viability was measured by determining the percentage of total adult progeny represented by non-FM7i males (carrying the lethal mutation but rescued by transgene expression) relative to the percentage obtained from similar control crosses using ϩ/FM7i females. These data were expressed as percentage viability values, which were calculated as follows: (% non-FM7i male progeny from the rescue cross/% non-FM7i male progeny from the control cross) ϫ 100. Finally, viability of cac lethals in the absence of UAS-cac1 was determined similarly in crosses of elav-GA L4 l(1)L13 20-3 / FM7i and elav-GA L4 l(1)L13 HC129 /FM7i females to W T (Canton S) males. All crosses were transferred frequently to prevent crowding of the vials.
Electrophysiology
Recordings of EPSC s from dorsal longitudinal muscle (DL M) neuromuscular synapses of the adult were obtained and analyzed as described previously (Kawasaki et al., 1998 . Recordings were performed on 2-to 4-d-old flies raised at room temperature (22-25°C).
Data analysis
Graphing and analysis of numerical data were performed in Microsoft E xcel (Microsoft, Seattle, WA). All data values throughout the text and bar graphs are given as means Ϯ SEM. Statistical analysis was performed using the two-tailed Student's t test; significance was assigned to comparisons for which p Յ 0.05.
RESULTS
A missense mutation in cac
TS2
To examine whether the cac TS2 mutation resides within coding sequence, the ORF of cac was amplified by RT-PCR and sequenced. To distinguish the induced mutation from any background polymorphisms present in the cac TS2 strain, sequence from cac TS2 was compared directly with the cac ORF sequence from the parent chromosome on which the cac TS2 mutation was generated (Dellinger et al., 2000) (see Materials and Methods). Putative sequence differences between cac TS2 and the parent line were re-examined using independent RNA preparations. The only nucleotide difference observed in cac TS2 (c4714t) creates a proline-to-serine missense mutation at amino acid 1385. Thus, the cac TS2 mutation maps to the second proline of a highly conserved proline pair located adjacent to the EF hand domain within the C-terminal cytoplasmic tail of the ␣1 subunit (Fig. 1 B) . This region of the channel is known to participate in calciumdependent inactivation, raising the possibility that cac TS2 disrupts channel function by altering this regulatory process. By arrangement, the laboratory of Dr. Jeffrey C. Hall sequenced cac TS2 independently and identified the same missense mutation (B. Chan and J. C. Hall, Brandeis University, personal communication).
Generation of a cac transgene: head cDNAs reflect diversity of cac transcripts As described in the introductory remarks, the cac gene is known to express diverse transcripts that differ with respect to mRNA splicing and editing, and possibly in their temporal and/or spatial expression patterns (Smith et al., 1996 (Smith et al., , 1998a Peixoto et al., 1997) . In light of this complexity, the in vivo expression of specific cac-encoded protein variants will be an important tool in examining the structural determinants of calcium-channel function. Thus, molecular constructs were generated to allow in vivo expression of a specific cac cDNA.
Transgenic expression studies required generation of cac cDNA clones containing a complete ORF, which have not been reported previously. Thus, RT-PCR was performed to generate cac cDNAs for this purpose. On the basis of previous sequence analysis (Smith et al., 1996) , PCR primers were designed for RT-PCR amplification of cac from head RNA (see Materials and Methods). The resulting PCR products were used to generate three overlapping clones spanning the entire cac ORF (Fig. 2, clones A-C). As discussed in Materials and Methods, clones B and C were difficult to propagate in several bacterial strains. Multiple clones were generated and characterized for each ORF segment, revealing numerous cDNA variants that differed with respect to mRNA splicing and editing (Fig. 3) . Although previously published studies of cac mRNA processing were performed on whole-body mRNA (Smith et al., 1996 (Smith et al., , 1998a Peixoto et al., 1997) , most of the head cDNA variants observed in the present study have been reported previously. Several exceptions are described in Figure 3 (and see Discussion). Notably, a novel site of alternative splicing was identified in the region encoding the C-terminal cytoplasmic tail, and is referred to here as the "Cterminal variable" region (Fig. 3A,B) . In addition to clones corresponding to previously reported cac cDNAs covering this region, variants containing insertions of 12 and 60 bp were observed as well. Both of these nucleotide sequences were identified as single cac exons in the Drosophila genome sequence (see Materials and Methods) and were associated with canonical splice donor and acceptor sequences at the intron-exon boundaries (Mount et al., 1992) . Inclusion of the 12 or 60 bp alternative exon results in the addition of 4 or 20 aa adjacent to the IQ binding domain for calmodulin (Fig. 3A) . The protein sequences encoded by these exons are NWKE and RKKLEHDDEHKYS-PTAVEEP, respectively. The latter amino acid sequence was used as a query in Basic Local Alignment Search Tool (BLAST) searches of nonredundant protein and translated databases (http:// www.ncbi.nlm.nih.gov/BLAST); however, no clear matches outside of the Drosophila cac gene were found.
Clones for each of the three ORF segments were chosen to be assembled into a clone spanning the entire cac ORF. The specific clone selected for each segment represented the editing or splicing variant most abundant in the cDNA population and/or the most conserved with respect to vertebrate presynaptic calcium channels (Fig. 4 A) . For example, alternative exon I-IIb was included in the transgene construct because it was more abundant than I-IIa among head cDNAs and includes protein binding motifs strongly conserved with those of mammalian presynaptic calcium channels (Smith et al., 1996 ) (see Discussion). In addition, previous work suggests that exon I-IIa may be eye-specific (Smith et al., 1998b) .
Transformation rescue of temperature-sensitive behavioral and synaptic phenotypes in cac TS2
The clone including the entire cac ORF was shuttled into the pUAST transformation vector to produce the transgene referred to as UAS-cac1. The pUAST vector contains multiple binding sites for the yeast transcription factor GAL4; thus, controlled expression can be achieved using available drivers expressing GAL4 in different temporal and spatial expression patterns (Brand and Perrimon, 1993) . Transgenic flies were generated to examine whether expression of the UAS-cac1 transgene could rescue the cac TS2 paralytic phenotype. In light of previous work in embryos indicating that cac is expressed in the nervous system (Smith et al., 1996) , as well as our recent studies showing a presynaptic role for cac at adult neuromuscular synapses (Kawasaki et al., 2000), we chose to drive expression specifically in the nervous system. A GAL4 enhancer trap element in the pan-neurally expressed elav gene (Robinow and White, 1988; Lin and Goodman, 1994) was combined with a UAS-cac1 transgene in a cac TS2 mutant background. Neural expression of UAS-cac1 produced striking rescue of cac TS2 paralysis at 38°C (Fig. 4 B) , increasing the time for paralysis from 0.27 Ϯ 0.01 min (n ϭ 5) in cac TS2 alone to 39.19 Ϯ 2.16 min (n ϭ 6) in the presence of the transgene. Neither the elav-GAL4 driver nor the UAS-cac1 transgene alone produced rescue, as expected from the requirement for both elements to drive expression.
To examine rescue of cac TS2 in more detail, voltage-clamp analysis of synaptic currents at DLM neuromuscular synapses was performed to determine whether the synaptic phenotype of cac TS2 was also rescued. As described previously , cac TS2 exhibited a WT synaptic current at 20°C and a marked reduction in synaptic current amplitude with respect to WT at 36°C (Fig. 5A) . In contrast, cac TS2 Rescue flies carrying the elav-GAL4 driver and UAS-cac1 transgene exhibited marked rescue of this synaptic phenotype (Figs. 5A,B) . With respect to WT, synaptic current amplitudes in cac TS2 and cac
TS2
Rescue flies were 38.1 Ϯ 2.6% (n ϭ 4) and 80.2 Ϯ 5.6% (n ϭ 4), respectively. The above results confirm the presynaptic nature of the cac TS2 phenotype and show that the specific ␣1 subunit variant expressed from the UAS-cac1 transgene can support fast, calcium-triggered neurotransmitter release (see Discussion).
Transformation rescue of cac lethal alleles
In addition to cac TS2 and other viable cac mutations, lethal alleles of cac have also been described. The lethal phase has been determined for several cac lethal mutants, which exhibit lethality during late embryogenesis just before hatching (Perrimon et al., 1989; Smith et al., 1998b; our unpublished observations) . This late embryonic lethal stage is consistent with analysis of cac expression during development, which increases dramatically during late embryogenesis (Smith et al., 1996) ; the similar lethal phenotypes of several mutants suggest that late embryonic lethality may reflect a complete loss of zygotic cac function. To further explore the molecular determinants of calcium-channel function, as well as the importance of calcium-channel diversity resulting from mRNA processing, we subsequently examined whether the specific ␣1 subunit expressed from the UAS-cac1 transgene could rescue cac lethal mutants.
Rescue of two different cac lethals, l(1)L13 and l(1)L13 HC129 , was attempted by driving neural expression of UAS-cac1 using the elav-GAL4 driver. This resulted in striking rescue of the embryonic lethal phenotype in both mutants, producing viability similar to that of WT controls (Fig. 6 ). Routine observation of these rescued adults suggested that their motor behavior and activity were similar to WT, with the exception of wing function (see Discussion), and that they were fertile. These results indicate that neural expression of cac is sufficient to fulfill the essential functions of this gene. Furthermore, the specific ␣1 subunit expressed from UAS-cac1 appears to provide sufficient cac-encoded calcium-channel activity to support robust neural function. The strong rescue of cac lethal mutants is surprising given that the transgene was not expressed under the control of the native cac promoter and that only a single variant of many possible cac-encoded ␣1 subunits was expressed.
DISCUSSION
The present study takes further advantage of the Drosophila genetic model system to investigate the molecular determinants of synaptic function. The findings reported here identify a missense mutation producing the TS paralytic and synaptic phenotypes in cac TS2 , and show that cac lethal and TS mutants can be rescued by neural expression of a specific cac cDNA. Together, these results further define the structural basis of presynaptic calcium-channel function in vivo. 
The molecular lesion in cac TS2
A calcium-dependent regulatory domain within the C-terminal cytoplasmic tail of the ␣1 subunit includes a conserved calmodulin binding site (Fig. 1 A, IQ) and a conserved EF hand calciumbinding domain. Together, the IQ and EF hand motifs are thought to mediate a form of channel inactivation that is dependent on calcium influx through the open channel (Peterson et al., 2000; DeMaria et al., 2001 ). The cac TS2 mutation (P1385S) substitutes serine for the second proline of a highly conserved proline pair adjacent to the EF hand (Fig. 1 B) . Proline pairs are generally excluded from classical secondary structures, such as ␣ helices and ␤ strands, and instead are found in flexible loop and hinge regions (MacArthur and Thornton, 1991; Branden and Tooze, 1999) . In light of recent models of calcium-dependent channel inactivation involving structural rearrangements of this regulatory domain (DeMaria et al., 2001; Erickson et al., 2001) , it is possible that proline 1385 participates in folding transitions associated with calcium-dependent inactivation. In cac TS2 , enhanced steady-state channel inactivation at elevated temperatures might account for reduced neurotransmitter release. Additional investigation of this issue will await direct analysis of WT and cac TS2 channel behavior at permissive and restrictive temperatures.
Alternative splicing of cac head mRNA
The present study does not include a systematic analysis of alternative splicing; however, our survey of cac transcripts in head mRNA led to a few notable observations. One was the appearance of a novel site of alternative splicing producing variation within the C-terminal cytoplasmic tail of the ␣1 subunit (Fig. 3B) . cDNA variants including either a 12 or 60 bp alternative exon at this position, as well as those lacking either exon, were observed. The close proximity of this C-terminal variable region to the IQ binding domain for calmodulin raises the possibility that the resulting channel variants may differ in their regulation by calmodulin. Given that the UAS-cac1 transgene did not include either the 12 or 60 bp exon, these sequences are not essential for rapid neurotransmitter release.
Another novel splice variant lacked both the I-IIa and I-IIb exons. Alternative exon I-IIb includes binding motifs for calciumchannel ␤ subunits and heterotrimeric G-protein subunits that are highly conserved with respect to vertebrate presynaptic calciumchannel ␣1 subunits (Smith et al., 1998b) . In contrast, exon I-IIa is less conserved and lacks a primary G-protein binding motif, QQxxRxLxGY. Thus, variation in these exons, including their absence in certain ␣1 subunit variants, creates the potential for differential regulation of distinct ␣1 subunits (Smith et al., 1998b) . The conserved I-IIb alternative exon is present in the UAS-cac1 transgene. A final consideration is the role of alternative exons that produce variation within the IVS3-IVS4 extracellular loop. In mammalian synaptic calcium-channel ␣1 subunits, inclusion of NP (␣1A) or ET (␣1B) sequences within this loop has been reported to alter channel activation, inactivation, and pharmacology (Lin et al., 1997 (Lin et al., , 1999 Bourinet et al., 1999; Hans et al., 1999; Krovetz et al., 2000) . Similar variation is generated by alternative splicing of the cac transcript, producing a one to three amino acid insertion at the same position. Interestingly, most cac mRNA variants in Drosophila heads lack any alternative exon in the sequence encoding the IVS3-IVS4 loop, perhaps consistent with work indicating that the analogous alternative exons in mouse ␣1A and ␣1B are enriched in the peripheral nervous system (Lin et al., 1999) . It remains an open question whether variation in the IVS3-IVS4 loop of the cac-encoded ␣1 subunit serves a conserved functional role. However, the UAS-cac1 transgene lacks alternative exons at this site, suggesting that ␣1 subunit sequences encoded by these exons are not critical for calcium-channel function in neurotransmitter release.
A-to-I mRNA editing
As in the case of alternative splicing, previous studies of cac mRNA editing have been performed using whole-fly RNA preparations. In the present study, only a qualitative survey of editing in head RNA was conducted; however, all of the reported sites were observed. In addition, sequence data were consistent with a novel editing event at nucleotide 936 (Fig. 3) . On the basis of genomic and whole-fly cDNA sequence comparisons performed by others, position 936 has been confirmed as an mRNA editing site (Chan and Hall, personal communication) . A subset of edited sites was present in the UAS-cac1 transgene. Although it is possible that the mRNA produced by this transgene is edited, we consider this unlikely because editing of mRNAs, including cac, may require intronic sequences (Smith et al., 1998a) . Thus, edited sequences absent from the transgene are probably not required for fast, calcium-triggered neurotransmitter release. With respect to the general role of editing in Drosophila, recent studies of a mutant thought to lack A-to-I mRNA editing of all transcripts revealed a moderate phenotype (Palladino et al., 2000) . Although this mutant exhibited behavioral phenotypes and progressive deterioration of the adult nervous system, A-to-I mRNA editing in general does not appear to be essential for basic neural development or function.
Rescue of cac mutants by neural expression of the UAS-cac1 transgene
As discussed above, neural expression of the UAS-cac1 transgene produced striking rescue of both TS paralytic and embryonic lethal cac mutants. Synaptic current recordings demonstrate that the specific ␣1 subunit variant encoded by the transgene can support fast neurotransmitter release at neuromuscular synapses and confirm previous findings demonstrating a presynaptic role for the cac gene product . Because cac encodes the only Drosophila homolog of vertebrate presynaptic calcium-channel ␣1 subunits and is expressed broadly in the embryonic CNS (Smith et al., 1996) , it is likely that the same UAS-cac1 transgene product can support robust synaptic transmission in the CNS as well. One surprising finding related to rescue of cac lethals was an apparent defect in the wing function of rescued adult flies. No formal behavioral analysis was performed; however, it was clear from routine observation that rescued flies were flightless and did not beat their wings under usual flight conditions. No gross morphological abnormalities were apparent in dissected preparations of cac lethal mutants rescued to the adult stage; however, DLM neuromuscular synapses in these preparations produced only small synaptic currents ranging from 0 to 40% of WT amplitude (our unpublished results). The reason for the observed defect in wing function remains unclear. Rescue of the cac TS2 synaptic phenotype confirms that the pan-neural elav-GAL4 driver induces expression in the motor neurons innervating the DLMs. However, proper development of these connections may require precise temporal and spatial control of cac expression, or perhaps a specific cac-encoded ␣1 subunit variant, that is not reproduced by expression of the UAS-cac1 transgene under the control of elav-GAL4. Perhaps coincidentally, cac mutants were first identified in a phenotypic screen for alterations in the precise wing-beat patterns comprising the male courtship song (von Schilcher, 1976 (von Schilcher, , 1977 Smith et al., 1998b) . In combination with viable cac mutants exhibiting song phenotypes, the availability of cac transgenes that may be driven in different temporal and spatial expression patterns may provide new insights into the cellular and molecular basis of the courtship song.
Absence of a conserved SYNPRINT domain within the calcium-channel ␣1 subunit does not prevent rapid coupling of calcium influx to neurotransmitter release Previous work on the Drosophila cac gene indicated that the Drosophila genome contains no sequences related to characterized calcium-channel synaptic protein binding domains Littleton and Ganetzky, 2000) . The present study extends this observation by demonstrating directly that a specific calcium-channel ␣1 subunit lacking these sequences functions in fast, calcium-triggered neurotransmitter release. These findings indicate either that the cac-encoded ␣1 subunit contains an analogous but distinct synaptic protein binding domain or that such domains do not play a critical role in synaptic transmission. Recent work in another system has shown that syntaxin-mediated enhancement of slow calcium-channel inactivation does not require the SYNPRINT domain, although this regulation was more effective on SYNPRINT-containing channels (Bezprozvanny et al., 2000) . Together, these results suggest that multiple biochemical and functional interactions between calcium-channel ␣1 subunits and synaptic proteins may contribute to regulation of neurotransmitter release.
The present study further defines the determinants of synaptic calcium-channel function in Drosophila through molecular analysis of cac TS2 , as well as rescue of cac mutants by neural expression of a specific cac-encoded ␣1 subunit. These findings also serve as the basis for additional analysis in this model system, including direct studies of TS calcium-channel function produced by the cac TS2 mutation, analysis of second-site cac mutations that either enhance or suppress the cac TS2 phenotype (Brooks et al., 2002) , and a variety of investigations that require controlled expression of specific cac-encoded ␣1 subunits in vivo.
